Abstract-We investigate carbon-based materials (graphite, graphite nanofibers and multi-walled carbon nanotubes) using terahertz time-domain spectroscopy (THz-TDS). The THz-TDS of carbon-based materials has been especially useful for understanding of many fundamental physical properties (e.g. the electronic structure and electron-phonon interactions, etc.) of all sp 2 carbons, given that carbon-based materials can be either semiconducting or metallic depending on their geometric structures. A significant difference was obtained in the spectra of graphite nanofibers as compared to the multi-walled carbon nanotubes and graphite.
I. INTRODUCTION
Terahertz (THz) spectroscopy has been used in materials characterization, particularly of lightweight molecules and semiconductors, to determine the carrier concentration and mobility [1] [2] [3] [4] [5] [6] . The Drude-Lorentz model may be linked by the frequency-dependent dielectric response to the material free-carrier dynamic properties, including the plasma angular frequency and the damping rate [2] [3] [4] [7] [8] [9] [10] .
Carbon can be made into very long chains of interconnecting carbon-carbon bonds which are strong and stable [11] . Graphite is an allotrope of carbon, classified as a semimetal, and is characterized by a high anisotropic three-dimensional (3D) band structure [12] . The research into electrical, magnetic and optical properties of graphite has been triggered by single layer graphene [13] [14] [15] and other two-dimensional (2D) materials (e.g. hBN, MoS2 and black phosphorus) [16] . The generation of THz pulses from highly oriented pyrolytic graphite (HOPG) samples illuminated with femtosecond laser pulses has also been reported [17] .
Graphite nanofibers are produced by the metal catalyzed decomposition of certain hydrocarbons at temperatures from 400-800°C [18] . One of the outstanding features of these structures is the presence of a large number of edges, which in turn constitute sites readily available for physical or chemical interaction, particularly adsorption.
Carbon nanotubes (CNTs) have been subject to widespread study since their discovery due to their unique electronic and photonic properties [19] [20] [21] . CNTs hold a broad range of applications to THz photonics, including THz generation by hot electrons in quasi-metallic nanotubes, frequency multiplication in chiral-nanotube-based super lattices controlled by a transverse electric field, and THz radiation detection by armchair CNTs in strong magnetic fields [22] .
In this work, we concentrate on the seldom-used frequency range of 0.1-1.0 THz, which cannot be accessed by standard far-infrared spectrometers. THz spectra of graphite, graphite nanofibers and multi-walled carbon nanotubes are measured and compared.
II. RESULTS Our results indicate that carbon-based materials have interesting transmission properties in this frequency range, arising from the intermolecular bonds. The bands at these energies most likely occur through involvement of an extended -electron system along the molecular backbone on which charge carriers are delocalized. Van der Waals forces also are likely take effect at these energies.
Our measurements reveal weak, broad absorption bands in the studied frequency range. For graphite and CNTs, absorption bands occur at about 0.21 and 0.59 THz (Figs. 1b and 3b) . However, graphite nanofibers exhibit three absorption bands, at about 0.21, 0.37 and 0.51 THz (Fig. 2b) , respectively. Each measurement was repeated twice, on the same sample. The measurements are denoted 1 and 2.
So far, it is not clear why such differences are observed. It is possible that the edges occurring in the graphite nanofibers are responsible for the observed differences. Theoretical modelling and numerical stimulations may help answer this question in further studies.
III. SUMMARY
In this paper we report on the THz spectroscopic research of carbon-based materials, and analyze their THz transmission properties. THz spectroscopic techniques give valuable information on subtle changes of chemical bonds in carbon-based materials, resulting from variations in their electron and structural configurations.
